I. Introduction
S aircraft wake vortices pose a threat to general aviation, the control of the vortices, in particularly, closer to the runway, has been gaining importance. The successful control of the aircraft wake vortices and their enhanced decay hold promise to increase the capacity of an airport. Air transport will be taken to the next level in the event of finding a best way to predict the vortices and reduce its strength as accurately and quickly as possible. As a step to revise the present separation standards, an extensive study on wake-vortex decay has to be done both experimentally and numerically which will result in a better predictor and monitor system. New operational concepts and ATC tools which can harness the benefit out of the advanced wake-vortex system has to be developed, verified and validated.
Researches over past three decades focus on a wide range of topics from mitigating the hazardous effect of wakevortex to developing new wake-vortex advisory system. Development of two counter-rotating vortices during approach, their interaction with the secondary vortices, shapes of secondary vortices, turbulence exchange, effect of flat and modified ground with a mild crosswind flow using LES numerical simulations, water towing tank experiment and real-time field measurements at Frankfurt are being investigated by Frank et al in their researches spanning over years. [1] [2] [3] [4] [5] [6] [7] [8] [9] They have also developed probabilistic/deterministic wake vortex transport and decay models. A simplified hazard area prediction model was proposed by Hans et al. 10 The effect of ambient turbulence on the instability modes of the wake vortices has been studied by Liu. 11 Proctor et al studied the vortex linking in ground proximity and crosswind shear gradient effect on the wake vortices. 12, 13 Based on certain crosswind conditions, newer temporary ATC operational procedure known as CREDOS was developed for departures. Real-time measurements had been conducted at London Heathrow airport and the results were analyzed to obtain a threshold for the crosswind to clear vortices off the runway corridor of width 200m with a 95% probability. It was found that for a reduction of separation time from 120s to 60s, a crosswind of 3.9-4.4ms -1 would be required. [14] [15] [16] CROPS is a follow-on project of CREDOS, based on ATC-WAKE. Similar to CREDOS, it does not need a new ATC tool to be implemented. This operation focus not only on the departures but also the final approach. During initial climb, the separation is reduced to 60-100s depending on the airport infrastructure, while the separation during final approach is reduced by 0.5NM, under the crosswind criteria of 7-8knots on the surface of the runway. This complies with the thresholds set by the CREDOS project. [14] [15] [16] Another crosswind based operations is Wake Turbulence Mitigation for Departures (WTMD) by FAA. This approach allows an independent departure behind a B757 or a heavy category aircraft from the runway that is located at the downwind side, when there is a favorable wind condition. 15 The objective of this research is to explain why higher crosswind velocity thresholds are chosen for implementing the reduced separation standards and to explain what happens when the crosswind velocity is low. This is achieved by analyzing the parameters of a fully developed Aircraft wake-vortex namely circulation, lateral and vertical displacements and vortex separation distance in presence of a wide range of crosswind velocities and turbulence intensities.
II. Numerical Setup
Navier-stokes equation is solved using a Large-eddy simulation solver developed originally by Dr. Charles Pierce at Stanford University. 18 The solver is based on a finite volume method using a staggered grid. The code has been validated on a wide variety of flows. In this research work, the computational domain size considered is 4bo × 8bo ×5bo, where bo is the wing span and is equal to 47.1m. A periodic boundary condition is imposed in the flight direction and the spanwise direction. No slip condition is set at = 0 and = . The top plane is defined at a considerable height that the no-slip condition does not affect the flow characteristics. The Lamb-Oseen vortex model is used to represent the fully rolled up wake-vortices in the computational domain with a circulation Γ = 530m 2 /s, radius of the core rc = 3m, at a height of bo from the ground, with a separation distance of bo. The crosswind velocity is allowed to cross the domain before the vortex is initialized so that the impact of background turbulence is replicated. The descent speed of the vortex, = 1.79m/s and the Reynolds number is set to Γ = 23,120. A geometrically stretched mesh until bo and an equidistant mesh until the top of the domain is employed in the vertical direction. In the lateral direction, the mesh starts at a ratio of 0.1 near the vortices and is stretched geometrically to the end of the domain. The computational setup is similar to that of the Anton et al. 9 Turbulence intensity is incorporated in the crosswind velocity profile and is equal to the ratio of mean flow velocity in the direction of crosswind to the descent speed of the wakevortices. Table 1 represents various simulation setups used in this research work. The simulation cases with crosswind velocities more than 100% of are mainly conducted for the mathematical representation of exit time and rate of lateral motion as a function of crosswind velocities. 
III. Validation and Convergence test
For validating the computational tool used in this research paper, the DLR towing tank experiment results are considered as the baseline reference. 8 The simulated flow field is axially averaged to yield 2D flow data. The minimum pressure point within each vortex structure in the 2D domain is considered to be the vortex center. Among all the parameters of the vortex pair, circulation is a widely used measure for studying the impact of the leading aircraft on the follower aircraft. Hence, the circulation up to a radius of 15m is calculated for both the vortices and the average of the two is compared with the DLR experimental data as shown in fig.1 .
The convergence test is also performed for four different mesh resolutions: 128x64x64, 256x128x128, 33.5 million cells and 67.1 million cells. The simulations for the last two cases of mesh resolution are performed on a finer mesh and the solution is sampled down to a coarser mesh (256x128x128) due to memory storage constraint. It can be concluded from the fig.2 that, a grid resolution of 33.5 million cells coincides well enough with experiment. Further refinement of mesh has less effect on the solution and will be time consuming. Thus, 33.5 million cells, similar to the DLR LES simulation setup is chosen to be the optimum mesh size for the simulation. 
IV. Influence of crosswind A. Circulation decay characteristics
The circulation evolution ( fig.3 .a,b) follows a typical two phase decay, a diffusion phase and a rapid decay phase. The rapid drop in the circulation known as rapid decay phase, sets in earlier for higher crosswind velocities. The difference between the onset time of the decay phase of the highest crosswind velocity considered and that of a lower velocity (40% of ) for the upwind vortex is ∆t* ≈ 0.6 (16s) and for that of the downwind vortex is 0.8 (21s) approximately. The downwind vortex is pushed out of the domain faster for the case of crosswind with velocity of 170% of descent speed, and so it is not considered for the circulation evolution plot of downwind vortex. The sudden drop in circulation is caused by the interaction between the primary and omega-loop shaped secondary vortices illustrating the physical mechanism explained by Anton et al 9 . Figure 4 ,a-g illustrates that the formation of secondary vortices is earlier and stronger for the downwind vortex. This explains the faster circulation decay of the downwind vortex as compared to the upwind vortex. The significance of choosing this particular time for visualization is that the downwind vortex is in its rapid decay phase and has significant difference in the circulation values with that of upwind vortex(refer fig.5 ). The crosswind velocities below 40% of Vo are not sufficient to induce secondary vortices with considerable strength for both upwind and downwind vortices. The downwind vortex is pushed out of the computational domain faster for higher crosswind velocities. The lateral transport of the vortices is discussed in detail in the next sub-section. 
B. Position of the vortex pair
The vortex separation distance does not vary with crosswind until t* = 2. When the downwind vortex enters the rapid decay phase, the interaction of primary and secondary vortices depends on crosswind velocity which in turn causes the separation distance to vary with the crosswind velocities. The rebounce height of upwind vortex increases with higher crosswind speeds because of the formation of a thicker boundary layer. The figures 6.a and 6.b illustrate that the downwind vortex moves faster than the upwind vortex. The altitude is regained earlier by the downwind vortex as compared to the upwind vortex. This may be due to the formation of secondary vortices that supports the downwind vortex rebounce. The centerline of the vortices are distorted during the decay phase (around t* = 1.5-3.0). Furthermore, augmented interaction between the primary and secondary vortices leads to higher distortion of the centerline. In addition, there is a decrease in the circulation value at the same time (Refer fig.1.a and 1.b) . For example, at t* =2.0, the change in the position of downwind vortex in z-direction is more pronounced than that of the upwind vortex. At the same time, the circulation value of upwind vortex is higher than that of the downwind vortex. This can further be investigated by studying the radial distance and relative angle between the vortex pair. The distance between the vortices centerline and the angle between the vortices center are axially averaged and are plotted against time (as shown in fig7.a,b) . The mean average deviation (MAD) of the radial distance and the angle along axial direction is calculated for all the time steps. MAD for radial separation is of the order of 10 -2 for all time steps. The maximum MAD of the relative angle is found to be less than 0.6 o in the diffusion phase and is between 0.6 o to 1 o in the rapid decay phase for all crosswind velocities. These relatively low MAD values ensure that the averaged values can be considered for the investigation of vortex pair movement. For all the crosswind velocity cases, the radial distance curve is same as that of the case with no crosswind in the diffusion phase of the upwind vortex. Once the interaction of upwind and the secondary vortices starts, the upwind vortex also tends to move in the crosswind direction and the radial separation is relatively reduced. But with increase in crosswind velocity, there is an increase in the kinetic energy and the vortices are moved further apart at different rates as shown by the deviations in the fig7.a. When there is no crosswind velocity, the vortex center of upwind vortex and downwind vortex are almost in the same altitude. Introduction of crosswind velocity results in increase in the altitude difference between the vortex centers. It can also be inferred from fig 7. b that, at all times, the downwind vortex is at higher altitude than the upwind vortex. The increase in the relative angle, in the diffusion phase (until t* =2.0), is due to the rebounce of the two vortices at different time to a different altitude. Figure 8 shows the axial variation of radial separation distance and relative angle of the vortices for different time steps. The ground linking factor for all time steps is found to be less than 0.14 and 0.18 for upwind and downwind vortices. With the information known from the position of the vortices, the approximate area in which the downwind vortex is located, can be deduced from the upwind vortex locations. However, the prediction is based on a preliminary idea and has to be further validated. An additional simulation with no crosswind is performed exclusively for the comparisons in this subsection and in subsection V.B.
C. Crosswise Velocity of Wake Vortices
The rate at which the vortices move in the lateral motion with respect to time, after entering into the decay phase, is plotted against their respective crosswind velocities ( fig.9 ). The gradient of the upwind follows an approximate linear curve for all crosswind velocities with a negative y-intercept. The slope of the linear equation of upwind vortex is very low which implies that the vortex tends to stay within the domain for longer time even for higher velocities. As mentioned in the CREDOS concept, a crosswind higher than 4m/s is required for the upwind vortex to clear off the runway. The negative and positive gradient at zero crosswind velocity implies that the upwind vortex moves in the opposite x-direction while the downwind vortex moves in the positive x-direction, due to mutual induction. The mutual induction between the vortices plays a vital role in deciding the rate of movement of the vortices. Crosswind favors this induced motion of the downwind vortex while it opposes the motion of upwind vortex. Figure.9 shows that the fitted curve for the downwind vortex has a quadratic behavior with the crosswind velocity.
D. Exit time of the vortex
The time at which the upwind and downwind vortex exits the computational domain is plotted against crosswind velocities as shown in fig.8 . Curve fitting is used to obtain a relation between the exit time and the crosswind velocities. The upwind vortex exit time variation traces 1/x 1.006 curve and that of downwind traces the 1/x 0.752 curve approximately. According to the equation, the y-axis and x-axis are the vertical and horizontal asymptotes for both the curves. Theoretically this states that the downwind vortex takes infinite time to move out of the domain for very low crosswind velocities. Even though infinite time is not a practically possible number, the vortices will be weak long before it can be pushed out of the domain. For the lowest given velocity, by the time t* = 8, both the vortices already have a circulation value of less than 30% of their initial strengths.
An additional simulation with a crosswind velocity of 220% of is performed exclusively for modelling the equations of this subsection. As it can be seen from fig.10 , the vortices are pushed out of the domain at less than t* = 2 and so this case is not considered for the other sub-sections. 
V. Influence of turbulence intensity (TI)
A. Circulation decay characteristics Change in turbulence at low levels, for example from 3%-9% TI levels, barely affects the dynamics of the vortex ( fig.12.a-c) and the circulation characteristics (fig.11 ). The vortices of cases 8-10, have similar turbulent structures. There are no significant difference in the circulation during the diffusion phase for both the vortices. The turbulence intensity has affected the circulation characteristics of the upwind vortex only at later times and by then, the circulation itself is less than 50% of the initial. At times later than t* = 1.5, larger secondary vortical structures are formed around the downwind vortex for higher turbulence, thereby enhancing the interaction with the primary vortices locally. This local variation explains the lower circulation values for case 11 and 12, as compared to other cases in fig 11. Crosswind velocity being constant, the rate at which the vortex travels downstream remains constant and is not affected by the change in turbulence level. When the turbulence intensity is high, the vortices centerline at later time steps is distorted more than that of TI = 0 case. This is evident from the fig.12 .a-e, where there is distinct difference in the secondary vortices formed.
Investigating the radial separation distance yields that it does not show significant difference with turbulence intensity within the considered limits (refer fig.14.a) . The maximum mean average deviation of radial separation is of the order of 10 -2 . The relative angle of the vortex pair deviates from the TI = 0% behavior at times later than t* = 2.0 (refer fig.14b ). As discussed earlier, stronger secondary vortices result in increased interaction with the primary vortex, increased vortex twisting and lower circulation values. The mean average deviation of the relative angle for the cases with low TI of 3-9% is less than 1 o , while that of the higher TI is up to 1.6 o . The deviations from the mean values of radial distance and relative angle for different time can be noticed in the fig.15a,b. Comparing fig 14.a,b and fig7 .a,b, it is clear that higher turbulence intensities increase the fluctuations in the position of the vortices along the axial direction. Unlike the case with no TI, where the relative angle is always positive, the presence of higher background/crosswind turbulence can reduce the angle to a negative value. This implies that the altitude difference between the vortices is not considerable. The ground linking factor is less than 0.2. 
VI. Conclusion
Effects of crosswind and turbulence intensity on wing-wake vortices are studied in this research. The increase in crosswind velocity results in an early onset of rapid decay phase of upwind vortex and does not have profound effect at later times, while the strength of downwind vortex is greatly affected due to the formation of stronger omega-shaped secondary vortices which loop around the primary vortices. It is inferred that crosswind velocities as low as 0.36m/s are not sufficient in reducing the circulation strength of the vortex pair as the formation of secondary vortices is delayed. Moreover, the formed secondary vortices are comparatively weaker. Crosswinds with higher velocities can push the upwind vortex out of the area of concern while low velocities can manage to push only the downwind vortex as it already moves in the positive lateral direction because of the vortex induction. Both the vortices initially descend and then bounce back while the rebounce height of the upwind vortex increases with increase in crosswind velocity. The downwind vortex always rebounce to a higher altitude than that of the upwind vortex. The vortex pair maintains the radial separation distance for all velocities and turbulence intensities at early times while it starts to deviate at later times, even though their motion is different individually in the lateral direction. Low turbulence intensities do not affect any of the vortex characteristics while higher turbulence intensities affect the large-scale turbulent structures formed locally. This local effect, in turn, causes fluctuations in the relative position of the vortices in the axial direction.
If the position of the upwind vortex after the rebounce and the approximate crosswind information is known, the crosswise velocity can be found from the fig.9 and the position of the upwind at a later time step can be predicted. With the prior knowledge of the profile of the radial distance, relative angle between the vortices and their MADs, the position of the downwind vortex can be approximated. However, this method of prediction has to be validated for further application. Presently, corridor widths of 210m and 160m are considered for the upwind and downwind vortex clearance. Future work is aimed at developing prediction models, considering a higher corridor width, combinations of more realistic cross/head/tailwind profiles including the Ekman spirals, a wide range of initial circulations corresponding to different classes of aircrafts and for vortex encounters in parallel runways. 
